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Abstract An anisotropic layered model structure com-
posed of line-groups as an anisotropic bilayered manganite,
is constructed based on elementary interactions in bilayered
manganites. The anisotropic magneto-transport property is
investigated using microscopic resistor-network scheme.
The simulation reproduces qualitatively the main magneto-
transport behaviors of bilayered manganites. It is shown
that both the magnetic structure and the values of resistors
in the resistor-network influence the electronic transport of
the whole system. The resistors within the line-groups and
between the line-groups play different roles in modulating
the transport behaviors.
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1 Introduction

Colossal magnetoresistance (CMR) observed in the mixed-
valent perovskite manganites [1] has aroused considerable
interest in scientific studies and potential technological
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applications. Although manganites show colossal magnetic
field-induced changes in electrical resistance [1-4], the
field needed is typically several Teslas, which is too large
for practical technical applications. One approach to
enhance the low-field magnetoresistance is to fabricate
special structures [5, 6] which is composed of tunnel
junctions acting as weak and field-sensitive links between
two ferromagnetic manganites. In recent years, bilayer
manganites which consist of such natural junction struc-
tures are gaining more and more attentions as potential low-
field CMR materials.

Bilayer manganite is a member of Ruddlesden—Popper
series ([R,A],-1Mn,O3,41, R signifies rare earth and A
denotes Alkaline earth) with n=2, which is composed of
magnetic MnO, bilayers and intervening rock-salt (R,
A),0O, block [7, 8]. There are three basic exchange
interactions, namely J,,, J. and J' standing for the in-plane,
inter-single-layer, and inter-bilayer exchange interactions,
respectively (|J /> |J./>>|J|) [7]. This layered anisotropic
structure shows rich physical phenomena, such as enhanced
MR effects, anisotropic carrier transport, and two types of
ferromagnetic ordering [7—10].

While a lot of simulations have been done about
ABOj perovskite manganites, little have been performed
on the transport property of bilayer manganites. In this
paper we start from a simple Ising-like model to study the
transport anisotropy in a layered model structure using
Monte Carlo simulation and resistor-network method. In
reality, the bilayer manganites are far more complicated
than our present Ising model, but we expect that the
transport properties and microscopic images as evaluated
from the present investigation will shed some light on the
understandings of the fundamental physics of bilayer
manganites.
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2 Model and simulation

We consider a two-dimensional (2D) anisotropic lattice and
study its transport properties by Monte Carlo simulation
(see [11]). The simulation starts from an LxL (L=100)
Ising lattice with periodic boundary conditions applied.
Imitating the bilayer structure we assume that two neigh-
boring lines form a “line-group” (a-axis along the line-group
and c-axis perpendicular to the line-group). A line-group
corresponds to one MnO, bilayer in bilayer manganites,
and a single line in the line-group corresponds to a single
layer in MnO, bilayer. In order to comprehend the
anisotropy in relatively simple framework, only the three
most elementary interactions are considered, namely J;, J,
and J;. J; denotes the exchange interaction between the
two nearest neighboring spins within a line. J, signifies
the interaction between two most adjacent spins, which lie
on two lines in a line-group. And J; means the interaction
between the nearest two neighboring spins lie on two
adjoined line-groups. J;, J, and J; correspond to J,;, J.
and J' in bilayer manganites [7], so J;>J,>>J; should be
satisfied. Due to the different interactions, the two lines in
a line-group have different Hamiltonians. With regard to
the odd-numbered lines and even-numbered lines, the
Hamiltonians are expressed as H;; and H,,, respectively.
H,; and H;; have the following forms:

Hiy= [=N(Sijm1 +Sips1)Si; =SSt S = S3Si-1,51)]

(1)

J

Hy = Z [/ (S o1 + S5 j41) 80 — JaSict, ;S — J3Siv1, jSi 5]

J
(2)
where S; ;=+1 represents the jth spin of the ith line. In
addition, an antiferromagnetic interaction (Jar) is consid-
ered between the two next-nearest neighboring spins. Then
the complete Hamiltonian can be written as:

H= ZH],- + ZHZ[ JrJAFZ SnSn — hz S 3)

odd even [m,n]

where 4 stands for the external magnetic field, and [...]
means summation over the next-nearest spin pairs.

The simulation is performed in the following procedure.
The standard Metropolis algorithm is employed for the
lattice to reach the equilibrium configuration from an initial
state with all the spins being 1. The system is believed to
reach equilibrium after 50,000 MC steps and then once per
1,000 MC steps a new spin configuration is obtained. Upon
the configuration the magnetization (M) is obtained by
summing up all the spins in the system, the system

resistivity is calculated by the method of resistor-network
described below. About 30 results are averaged. The final
results are obtained by averaging more than ten inde-
pendent data with different seeds for random number
generation. For convenience, kp and the absolute value of
a spin are chosen to be 1, and J;, J,, J;, and Jap are
measured in such simplified units. The simulation is
performed for the case of #=0. Through adjusting J;, J>,
J3, and Jap, the simulated temperature is adjusted to be very
close to the experiment in unit of K, so we can compare our
simulation results with experimental data.

3 Discussion about resistor-network

In our simulation a resistor-network is constructed based on
the spin configuration that was obtained from simulation
(see [11]). The lattice resistivity is calculated using the
method from [12]. Owing to the anisotropy of our model,
the resistivity is orientation-dependent, namely p,, refers to
the resistivity with electric current parallel to the line-group,
and p, for the resistivity when electric current is perpen-
dicular to the line-group. Owing to the existence of an
insulating layer between the bilayers, it is more difficult for
electron to transfer between bilayers than moving within a
bilayer. Accordingly, the resistors in the line-groups and
between the line-groups should have different values. All
resistors can be divided into four sorts, namely “metallic
resistors TYPE 1”(the metallic resistors in the line-groups),
“insulating resistors TYPE 17(the insulating resistors in the
line-groups), “metallic resistors TYPE 2”(the metallic
resistors between the line-groups), and “insulating resistors
TYPE 2”(the insulating resistors between the line-groups).
Their values are defined by pur1(7T), p11(T), pur2(T) and
p12(T), respectively:

Pt (T) = 41 + B, T? (4)
Paa(T) = As + B, T? (5)
pn(T) = CrelT/D'™ (6)
pin(T) = CreTe/D" (7)

where pys1(T) and pys»(T) are metallic resistivities consist-
ing of the zero-point resistivity and electron—electron
scattering (7%) component. p;(T) and pio(T) are the
insulating resistivities in the form of Mott’s VRH model
[13], which has given a satisfactory fit to experimental data
above the M-I transition point 7, in a number of relevant
experiments [9, 10]. All the resistivity values have the same
unit of mQ-cm.
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3.1 Anisotropic transport behaviors

Owing to the insulating layer between the bilayers, we
choose appropriate parameters to make p;,(7) higher than
p11(T) above T.. Below T, the whole system is transformed
into ferromagnetic metal, py1(7) and p;,(7) do not affect the
system’s resistivities. For simplicity, we assume that py(7)
is identical to pyp(7), defined as p,, (7). Metallic resistors
TYPE 1 together with TYPE 2 are named ‘metallic
resistors’. The detailed forms of p1»(7), p11(7) and py, (T)
are:

pu(T) = 0.157576 4 0.157576 x 10 T* (8)
1/4
pry(T) = 2.44243 x 107 11e(2110°/T) 9)
5 1/4
pio(T) = 3.09972¢(20x10°/7) (10)

Taking J;=185, J,=135, J;3=0.1, and Jxp=1.25, we
performed extensive simulations on the anisotropic transport
behaviors of the layered structure. The simulated resistivities as
functions of T are shown in Fig. 1 by the open squares and
circles. For reference the pioneer experimental work of Kimura
et al. [8] is also presented by solid and dash lines. It is clearly
shown that the in-plane resistivity p,, exhibits a broad
maximum at ~270 K, which indicates the in-plane two-
dimensional ferromagnetic short-range spin ordering. For
resistivity p. perpendicular to the MnO, bilayers, which is
much higher than p,,, a sharp peak at ~100 K is observed. This
behavior is related to the three-dimensional ferromagnetic spin
ordering. Our simulation results are qualitatively similar to the
experimental data. The peak of p,, implies in-line one-
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Fig. 1 Simulated curves of the resistivities (1/3,000p. and p,,) as
functions of 7" denoted by open squares and circles, respectively. The
experimental resistivity curves (1/3,000p. and p,;) represented by
solid line and dash line are taken from Kimura et al. 8]
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dimensional short-range spin ordering, and the long-range spin
ordering of the whole lattice leads to the steep decline of p..

The changes of magnetic structure have strong effect on
the transport property of the system. Even if the systems
possess the same magnetic structure, their transport prop-
erties can be different. This distinction originates from the
intrinsic characteristic of the material. In our simulations,
different resistivities of resistors reflect the intrinsic
difference of different materials. By investigating different
roles of resistors we hope to gain further comprehension on
the anisotropic transport property in bilayer structure.

3.2 Roles of PLI(T) and PIZ(T)
Owing to the anisotropic resistor-network resulting from the

anisotropic magnetic structure, the roles of p (' 7) and py(7)
are different from each other, as shown in Fig. 2. While
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Fig. 2 p,;, and 1/3,000p,. as functions of 7 (a) for different C;, and (b)
for different C,
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keeping other parameters unchanged, Fig. 2(a) presents the
results obtained by changing C; of py;(7), from which we
find that the p,, peak is raised and its position moves to
higher T value with increasing C;, but no significant C;-
dependence of p,. is observed. The results for different C, of
p12(T) are plotted in Fig. 2(b). It can be seen that p.(T) is
significantly enhanced with increasing C, but p,,(7) is little
affected. This can be understood from the configuration of
the resistor-network. Figure 3(a) and (b) give two snapshots
of the configuration at 120 and 270 K, respectively. It is
shown that the resistor-network at low 7' is comparatively
regular, there are mostly metallic resistors in the line-groups
and insulating resistors TYPE 2 between the line-groups, so
pe 1s strongly related to p1,(7). The change of py;(7) hardly
influences the resistivity of the system because only very
small regions of insulating resistors TYPE 1 exist at low T.
At high T, the ordering of the network is broken, and blocks
of insulating resistors exist here and there. Because the
amount of insulating resistors TYPE 1 increases with
increasing 7, p,, will change a lot with changing py(7).
But the change of p;,(7) can’t affect p,,, in this temperature
range.

3.3 Effect of pMZ(T)

When py,2(7) is different from p,,(7), the effect of pyn(T)
should be considered. Keeping other parameters un-
changed, pys»(7) takes the following form:

Pu2(T) = D x pyn (T) (11)

The simulated resistivities as functions of T are presented
in Fig. 4 for D=1, 10 and 20. Increasing D results in a shift
of p.»(T) upward and leftward. But little change in p. is
observed. The reason is that as 7T is close to the peak of p,,
pur2(T) is much lower than p,(7) and the volume fraction
of metallic resistors TYPE 2 is small, noting that p. is
mainly ascribed to p;»(7). But for the peak of p,,, the
structure of resistor-network is irregular in that 7" range.
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Although metallic resistors TYPE 2 are not in the ling-
groups, pun(7) also has influence upon p,p.

4 Conclusion

In summary, an anisotropic layered structure is constructed
based on Ising model as an approach to make realistic
bilayered manganites. Its transport properties have been
investigated by Monte Carlo simulations and the resistor-
network method. The results show that the anisotropy of the
transport behaviors is strong. The c-axis resistivity presents a
sharp peak at low temperature but the g-axis resistivity
demonstrates a broad M-I transition at relatively high
temperature, which is qualitatively similar to the experimen-
tal results. It has been argued that not only the magnetic
anisotropy resulting from anisotropic interactions contributes
to the transport anisotropy, but also the value of resistors in
the resistor-network can affect the transport behavior of the

T (K)
Fig. 4 p,, and 1/3,000p, as functions of T for different D
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system. The resistors in the line-groups and between the line-
groups play different roles for the transport behavior of the
system.
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